ABSTRACT The objective of this study was to determine the effects of fat supplementation from canola seed ( C S ) on 
Introduction
The use of supplemental fat to increase the energy density of ruminant diets is increasing rapidly. However, supplemental fat can affect ruminal digestion of carbohydrates negatively through an inhibitory effect of long-chain fatty acids (LCFA) on fiber (Palmquist and Jenkins, 1980) . Other researchers (Devendra and Lewis, 1974; Sutton et al., 1983; Zinn, 1989) indicated that fat supplementation was associated with a decrease in carbohydrate fermentation, a reduction in ruminal fiber digestion, and a shift in the site of digestion from rumen to hindgut. Therefore, Grummer et al. (1990) recommended that fat supplements must be relatively inert in the rumen to reduce the detrimental effects of fat on ruminal carbohydrate fermentation. Canola seed (CS) as a fat supplement has been used to increase the energy density of the diet and to alter fatty acid (FA) composition of milk fat (Ashes et al., 1992; Ferlay et al., 1993) . The effects of ruminally protected products of CS such as Ca salts and Jet-Splodeda (Khorasani et al., 1992) on ruminal carbohydrate fermentation were evaluated. indicated that canola oil (Ca salts at 5.5 or 6.5% added fat) did not decrease ruminal digestion of OM or fiber and did not affect ruminal pH or concentrations of VFA. Khorasani et al. (1992) reported that increasing ruminally protected CS (JetSploded) in the diet resulted in substantial changes in ruminal concentrations of total VFA and their molar proportions when fat supplementation exceeded 3% of the diet. Hussein et al. (unpublished data) found that treatment of whole CS with NaOH and H 2 0 2 was successful in protecting FA in CS from ruminal microbial biohydrogenation but allowed digestion of LCFA in CS postruminally. In the present study, the objective was to determine the effects of fat supplementation (5% of dietary DM) from CS on ruminal fermentation and postruminal digestion of OM, carbohydrates, and energy of diets containing different levels of forage and were available on an ad libitum basis to steers.
Experimental Procedures
Steers and Diets. Six Angus x Simmental steers (mean BW f SD = 354 f 18 kg) were used in this experiment. Steers were fitted with permanent ruminal (inner diameter = approximately 12.5 cm) and Ttype duodenal (inner diameter = approximately 2.5 cm) cannulas. The duodenal cannulas were placed approximately 10 cm posterior to the pylorus under general anesthesia by a veterinarian at the Large Animal Clinic, College of Veterinary Medicine, University of Illinois. Surgical and animal care procedures for the experiment were conducted under a research protocol approved by the Campus Laboratory Animal Care Advisory Committee, University of 11-linois at Urbana-Champaign. The steers were monitored for a minimum of 2 wk of recovery during which analgesics were administered as deemed necessary for the steers' comfort and well-being. The experimental design was a 6 x 6 Latin square with 18-d periods. The first 14 d were used for adaptation to the diet and the last 4 d were used for sample collection. Treatments were arranged as a 2 x 3 factorial. The main effects were two dietary forage levels (high forage [HFI or low forage [LFI provided by corn silage at 70 or 30% of dietary DM) and three CS supplementations including no CS (NCS) or CS added a t 10% of dietary DM as whole treated with alkaline hydrogen peroxide ( WTCS) or crushed untreated ( CUCS). This factorial arrangement of the treatments was used to allow for studying possible interactions between the different forms of CS supplementation and the diets that were based on forage (HF) or concentrate (LF). The corn silage was well preserved (42% DM; normal odor and texture) and contained 95.1% OM, 51.1% NDF, 31.4% ADF, and 8.1% CP on a DM basis. Diets containing LF had high proportions of finely ground corn (Table 1) . The CUCS was compared to WTCS as ruminally unprotected or partially protected forms of canola fat, respectively (Hussein et al., unpublished data) . The WTCS were treated at another location, transported to our laboratory in barrels, and stored at ambient temperature for the duration of the study. The alkaline hydrogen peroxide treatment was carried out by mixing intact whole CS with an aqueous solution containing 5 to 10% (of DM weight of the CS) NaOH. This was followed by adding and mixing a solution of .5 to 2.5% H202 t o the NaOH-treated CS (of DM weight of the CS). The CUCS were crushed through a roller mill t o fracture the seed coat. Canola seed contributed 5% added FA to the diets containing CS. The ingredient and chemical compositions of the six experimental diets are presented in Table  1 . Diets were formulated t o be isonitrogenous (13.2% C P on a DM basis) and to contain equal concentrations of Ca, P, and S (.88, .44, and .21%, respectively 2.45 m ) with a concrete floor that was covered with rubber mats to prevent leg and foot problems. Steers were washed and curried daily to maintain cleanliness and avoid fly infestation. Steers had free access to fresh water at all times. Steers were weighed at 0800 on d 18 of each period and then exercised for 30 min before they were brought back to their stanchions. The dietary ingredients were weighed and mixed daily for each steer and then offered in two equal portions at 0600 and 1800. Steers were given ad libitum access to diets and the amount offered to each steer was monitored daily to allow approximately 10% orts, which were discarded. To minimize potential digestive disorders resulting from the rapid switching of steers to the LF diets, corn silage was gradually decreased from 70% to 30% over the first 4 d of the adaptation period. In addition, steers were limit-fed during this 4-d adjustment period. Chromic oxide was used as an indigestible marker to measure nutrient flow to the duodenum and fecal output. Mixed ruminal bacteria were isolated from whole ruminal contents that were collected from each steer by a core sampler device (Firkins et al., 1986) at 0400, 0800, 1200, and 1600 on d 18 of each period. Ruminal contents ( 1 L ) were mixed with an equal volume of physiological saline solution and blended for 1 min at high speed in a Waring blender (Waring Products Division, New Hartford, CT) t o dislodge particle-associated bacteria.
Homogenized contents were strained through eight layers of cheesecloth and 1 L of fluid was collected, composited by steer, and frozen. The frozen, bacteria-rich samples were later thawed and centrifuged at 500 x g for 20 min to remove feed particles and protozoal cells. Bacteria were separated from the supernatant fluid by centrifuging at 26,000 x g for 20 min. Bacterial samples then were lyophilized and ground using a mortar and pestle.
On d 18 of each period, samples of ruminal fluid were collected from various locations in the rumen of each steer via a suction pump. Samples were taken just before the morning feeding and at 2-h intervals for 12 h after feeding. Ruminal fluid was strained through eight layers of cheesecloth and pH was measured immediately using a pH meter (Model 31, Beckman Instruments, Palo Alto, CA). Ruminal samples (50 mL) then were acidified with 3 mL of 6 N HC1 and frozen for later analyses of NHS N and VFA concentrations.
Analytical Procedures. Oven-dried samples of feeds, orts, and feces and lyophilized duodenal digesta and bacterial samples were analyzed for absolute DM by drying at 105°C for 24 h. Organic matter was determined by ashing the dried samples in a muMe furnace at 500°C for 16 h. Nitrogen concentration in diets, duodenal digesta, and bacteria was determined by the Kjeldahl procedure (AOAC, 1984).
Feeds, orts, duodenal digesta, and feces were analyzed for NDF (Jeraci et al., 1988) and ADF (Goering and Van Soest, 1970) . Total nonstructural carbohydrates (TNC) were determined by the procedure of Smith (19691, except that ferricyanide was the color reagent. Gross energy ( G E ) of feeds, orts, duodenal digesta, feces, and bacteria was determined (Parr Instrument Company, 1988) . Purine concentrations in bacterial samples and duodenal digesta were determined by the method of Zinn and Owens ( 1986) .
Duodenal and fecal samples were prepared for Cr analysis according t o the method of Williams et al. ( 1962) . Concentrations of Cr were measured using an atomic absorption spectrophotometer (Model 2380, Perkin-Elmer, Norwalk, CT). Flows of DM (grams per day) to the duodenum or DM excreted in feces were calculated by dividing Cr intake (milligrams per day) by Cr concentration in duodenal digesta or in feces (milligrams of Cr per gram of DM). Flows of nutrients to the duodenum or in feces were calculated by multiplying DM flow by their concentrations in duodenal or fecal DM.
Digestibilities of nutrients were calculated from differences in nutrient intakes, flows to the duodenum, and fecal outputs. True ruminal digestibilities of OM and GE were estimated from duodenal flows after corrections were made for bacterial contributions. The proportion of total duodenal N of bacterial origin was calculated by dividing the N:purines ratio of bacteria by the N:purines ratio of duodenal digesta collected from the same steer in the same period. Bacterial N flow t o the duodenum was calculated by multiplying total N flow to the duodenum (grams per day) by the proportion of bacterial N in duodenal N. Bacterial DM flow to the duodenum was calculated by dividing bacterial N flow (grams) by percentage of N in bacterial DM. The chemical composition of mixed ruminal bacteria collected in the present study as influenced by the dietary treatments is presented in a companion paper (Hussein et al., 1995) . Concentrations of NH3 N in ruminal fluid samples were measured according t o the procedure of Chaney and Marbach ( 1962) . Ruminal fluid samples were prepared for VFA analysis according to the procedure of Erwin et al. (1961) . Concentrations of VFA in the ruminal fluid were determined using a gas chromatograph (Hewlett-Packard Model 58908 Series 11, Hewlett Packard, Palo Alto, CA) on a glass column (180-cm x 4-mm i.d.1 packed with GP 10% SP-1200/ 1% H3P04 on 80/100 Chromosorb W AW (Supelco, Bellefonte, PA). Nitrogen was used as a carrier gas with a flow rate of 75 mumin. The oven, injection port, and detector port temperatures were 125, 175, and 180°C, respectively.
Statistical Analyses. Data were analyzed as a Latin square design according to the GLM procedures of SAS ( 1985 ) . Model sums of squares were separated into steer, period, and treatment effects. Because treatments were arranged as a 2 x 3 factorial, the sums of squares for the treatments in the GLM model were further separated into dietary forage level, CS supplementation, and the dietary forage level x CS supplementation interaction.
Data collected at different times after feeding (ruminal pH and concentrations of NH3 N and VFA) were analyzed as a split-plot design using the GLM procedures of SAS ( 1985) . Main plot variables were steer, period, dietary forage level, CS supplementation, the dietary forage level x CS supplementation interaction, and the steer x period x dietary forage level x CS supplementation interaction. Subplot variables were sampling time and the time x dietary forage level, time x CS supplementation, and time x dietary forage level x CS supplementation interactions. The steer x period x dietary forage level x CS supplementation interaction was used as the error term to test the significance of main plot variable effects.
Because interactions were not detected ( P > .05), means for the main effects that showed significant ( P < .05) effects were compared by the LSD procedure (Fisher, 1949) . For ruminal characteristics, the SEM and the LSD t o separate the means of the main effects that were significant ( P < .05) were calculated according to the method described by Gomez and Gomez (1984) for a split-plot design. Because of poor feed consumption for reasons unrelated to diet, data collected from the steer that was fed the diet containing HF and NCS in period three were eliminated before analysis. Therefore, tabulated values are least squares means.
Results and Discussion
No interactions ( P > .05) between dietary forage level and CS supplementation were observed for DMI, intake and digestion of OM, carbohydrates, or energy, or ruminal characteristics. Therefore, means for the main effects (forage level and CS supplementation) are presented in Tables 2 through 7 .
Diet Analyses. Diets (Table 1) had similar concentrations of OM and CP but varied in their concentrations of NDF and ADF, reflecting the differences in NDF (51.0 vs 11.0%) and ADF (31.4 vs 3.5%) concentrations measured in corn silage and ground corn, respectively. Concentrations of TNC were approximately 15 percentage units higher for diets containing LF than for diets containing HF, reflecting the difference in TNC concentrations between corn and corn silage (71.3 vs 31.6%, respectively). Concentrations of GE were similar for diets containing NCS and were 6.3 to 6.8% higher for diets containing CS.
Concentrations of dietary fat were measured (Hussein et al., unpublished data) as total LCFA and results (Table 1 ) indicate approximately 5% added fat in diets containing CS. Composition of dietary LCFA indicated that C16:0, C18:0, C18:1, C18:2, and C18:3 provided 98.1 to 99.8% of total LCFA in the dietary ingredients (Hussein et al., unpublished data) . The LCFA profile of CS was similar to that reported by other researchers (Khorasani et al., 1991) for CS (Table 2) . It is concluded that supplemental fat at 5% of dietary DM from either WTCS or CUCS had no negative effects on DM1 when diets were available on an ad libitum basis to steers. Other researchers indicated that DM1 by dairy cows was not affected ( P > ,051 by supplementing their diets with Jet-sploded whole CS at 5% added fat (Khorasani et al., 1991) or with ground and extruded CS a t 3% added fat (Wiesen et al., 1989) . However,
as a result of adding 5 or 7.5% fat from finely ground CS to the diet. These results indicate that when CS is fed in a form that is partially protected in the rumen by heat application (Wiesen et al., 1989; Khorasani et al., 19911 , no negative effects on intake were observed, but when the oil in CS was rendered free by grinding (Kennelly, 19871 , negative effects ( P < .05) were detected. In our experiment, it seems that crushing (which is different from grinding) CS may have resulted in a slower release of oil in the rumen and, as a result, did not affect DM1 negatively. diet. Apparent digestion of OM in the total tract (percentage of intake) was decreased ( P < .05) when steers were fed diets containing HF or diets containing CS. The higher ( P < .05) apparent digestion of OM in the total tract when diets containing LF were fed may be explained by the higher amounts of TNC in these diets and by the high digestibility of TNC in the total tract (Table 3 ). The decrease ( P < .05) in apparent digestion of OM in the total tract (i.e., 3.5 percentage units) when CS was added to the diet may be explained by the LCFA data, which indicated total tract digestibilities (percentage of total LCFA intake) of 73.9 and 83.6% for diets containing CS and NCS, respectively (Hussein et al., unpublished data) . This decrease in LCFA digestibility when CS was added to the diet was attributed t o the low digestibility of the seed coat.
Intake and Digestion
Some researchers reported decreases ( P < .05) in OM digestion (percentage of intake) in the stomach (Tesfa, 1993) and total tract Doreau et al., 1993; Tesfa, 1993) when supplemental fat was provided as canola oil. However, others found no effects ( P > .05) of supplemental fat from CS on digestion of OM in the total tract when canola oil was infused duodenally (Chilliard et al., 1991) or when a ruminally protected form of CS was fed (Khorasani et al., 1992) . duodenal flows (data not shown), respectively, than steers fed diets containing HF. The amounts of TNC apparently digested in the stomach and postruminally were .61 and 1.24 kg/d greater ( P <.05; data not shown) for steers fed diets containing LF than for steers fed diets containing HF. Apparent digestion of TNC (percentage of intake) was lower ( P < .05) in the stomach and was higher ( P <.05) postruminally when steers were fed diets containing LF than when they were fed diets containing HF. This effect was consistent with the effect on site of TNC digestion. When the intake of TNC was greatest (diets containing LF), a lower ( P <.05)
proportion of TNC was digested in the stomach, but a higher ( P < .05) proportion was digested postruminally. Total tract digestibility of TNC averaged 96.6%. Waldo ( 1973) indicated that the extent of digestion of cornstarch in the total tract is nearly 100%. These findings agree with data in Table 3 because TNC is composed mainly of starch and a small proportion of sugars.
Daily intake and digestion of NDF are presented in Table 4 . Intake of NDF was not affected ( P > .05) by CS supplementation but was 19 and 25% higher ( P < .05) for diets containing HF than for diets containing LF. Fecal NDF excretion (data not shown) also was 20% greater ( P < .05) for diets containing HF than for diets containing LF. Apparent digestion of NDF in the stomach, postruminally, and in the total tract were not affected ( P > .05) by dietary forage level or CS supplementation and averaged 30.6, 22.0, and 52.7% of intake, respectively. On average, 58.2% of total NDF digestion occurred in the rumen; the remainder was digested postruminally. Daily intake and digestion of ADF are presented in ADF that was digested in the stomach was lowest ( P < . 0 5 ) when diets were supplemented with WTCS, but the proportion that was digested postruminally was highest ( P < .05) with WTCS supplementation. This shift in site of ADF digestion may be explained by resistance of WTCS to ruminal microbial degradation (Hussein et al., unpublished data) but with subsequent availability for digestion in the small intestine and fermentation in the large intestine. Apparent digestion of ADF in the total tract was not affected ( P > .05) by CS supplementation. However, digestion of ADF in the total tract was 61% greater ( P < .05) in the amount (kilograms per day; data not shown) and was four percentage units higher in the proportion (percentage of intake; Table 5 ) when steers were fed diets containing HF than when they were fed diets containing LF. Doreau et al. (1993) reported that apparent digestion of NDF and ADF in the rumen and in the total tract (percentage of intake) were not affected ( P > .05) by supplementation with fat from CS (Ca salts or free oil). Apparent digestibilities of NDF and ADF in the total tract also were not affected ( P > . 0 5 ) by increasing the level of ruminally protected CS to ET AL.
17.4% of dietary DM (Khorasani et al., 1992) . Results from sheep (Mir, 1988) indicated that fat supplementation at 5 or 10% of dietary DM as acidulated LCFA from CS did not alter ( P > ,051 extent of digestion of NDF or ADF in the total tract.
Conversely, results from other studies indicated that extents of digestion of NDF and ADF in the total tract were decreased ( P < .05) with fat supplementation from CS ( a t levels similar to those in Table 1 ) in the form of seeds (Murphy et al., 1987; or in the form of free oil (Doreau et al., 1991; and was attributed to decreased ruminal fiber digestion. Tesfa ( 1993) also reported that apparent digestibilities of NDF and ADF in the total tract were decreased ( P < .05) by supplementation of diets (based on grass silage) with canola oil.
This observation was a result of decreases ( P < .05) in ruminal digestion of NDF and ADF (percentage of intake) that were associated with reduced ( P = .07) activities of fiber-degrading enzymes in ruminal digesta. Devendra and Lewis ( 1974) proposed the following factors to explain the decreases sometimes observed in ruminal fiber digestion due to fat supplementation: 1) modification of the ruminal microbial population; 2 ) inhibition of microbial activity; and 3) reduced cation availability. The modification of the ruminal microbial population due t o fat supplementation was illustrated Ruminococcus flavefaciens) was inhibited by adding C18:l FA to a medium containing a soluble substrate (cellobiose). In vivo data (Tesfa, 1992 (Tesfa, , 1993 ) also showed toxic effects of supplemental fat (canola oil) on ruminal cellulolytic bacteria and protozoa. These effects were attributed t o the high proportion of C18:l in canola oil (61.2% of total LCFA; Hussein et al., ADF apparently digested in the total tract, aHigh ( H F ) or low ( L F ) forage diets containing no canola seed (NCS) or canola seed as whole treated (WTCS), or crushed untreated bDietary forage level effect ( P < .05). Tanola seed supplementation effect ( P < ,051. d,eMeans in the same row with different superscript letters differ ( P < ,051.
(CUCS). unpublished data). The inhibition of microbial activity from surface-active effects of LCFA on cell membranes was illustrated by the adsorption of fat to bacterial cell surfaces (Bauchart et al., 1990 ) and the decrease in secretion or activity of the extracellular enzymes (carboxymethylcellulase and xylanase) that degrade fiber (Tesfa, 1992) . The reduction of cation availability in the rumen when fat is supplemented is a result of formation of insoluble complexes with LCFA (Devendra and Lewis, 1974) . Therefore, adding Ca to diets containing supplemental fat (in amounts greater than Ca requirements) was suggested t o minimize or prevent the toxic effects of unsaturated LCFA on the ruminal microbial population (Bauchart et al., 1990) and fiber digestion . Additional Ca increased rate and extent of Ca soap formation in the rumen (Palmquist and Jenkins, 1980) and, therefore, improved attachment of bacteria to feed particles (Roger et al., 1988) . The specific requirements of Ca when diets are supplemented with fat have not been determined. However, Palmquist (198 1) suggested Ca concentrations between .9 and 1% of dietary DM as a guideline. When formulating our diets (Table l ) , limestone was added to increase Ca content of the diets to be .88% of dietary DM. This level corresponds to a 70% increase above the .53% level recommended by the NRC (1984) for the steers used in our experiment. Therefore, the absence of negative effects on ruminal digestion of NDF (Table  3 ) and ADF (Table 4) when fat was supplemented (especially with CUCS) may be due in part to a surplus of Ca in the rumen.
The two types of CS supplementations (Table 1) were meant to provide a form of ruminally protected (WTCS) and a form of unprotected (CUCS) fat. However, neither type of supplementation affected ruminal fiber digestion at the level of supplementation used (5% of dietary DM). In situ data indicated that rate and extent of disappearance of DM in the rumen was not affected ( P > .05) when fat supplementation from CS did not exceed the 5% level but these measurements were reduced ( P < .05) at higher levels of supplementation (Khorasani et al., 1992) . The fact that even the fat from CUCS did not inhibit ruminal fiber digestion (Tables 4, 5 , and 6 ) is probably due to a slow release of LCFA from the cellular structure of the seed. The subsequent biohydrogenation of C18 unsaturated FA in CUCS to more saturated FA (Hussein et al., unpublished data) is also an advantage because saturated FA are less inhibitory to ruminal fiber digestion than unsaturated FA (Jenkins and Palmquist, 1984) .
No interactions ( P > .05) between diet and sampling time were observed for ruminal fermentation characteristics. Therefore, ruminal pH and concentrations of N H 3 N and VFA as affected by dietary forage level and CS supplementation are presented in Table 6 . Ruminal pH and concentrations of NH3 N and total VFA were not affected ( P > .05) by CS supplementation. Ruminal pH and concentrations of NH3 N were higher ( P < .05) when steers were fed diets containing HF than when they were fed diets containing LF. The higher ( P < .05) ruminal pH associated with feeding HF diets was partially a result of a trend for lower ( (CUCS).
The absence of effects on ruminal pH or concentrations of NH3 N (Table 6 ) is in agreement with results from other trials in which CS was supplemented at levels similar to those in the current study Doreau et al., 1993) or higher (Khorasani et al., 1992; Tesfa, 1993 This observation may be explained by the higher amounts of LCFA excreted in the feces when diets containing WTCS were fed (Hussein et al., unpublished data) , suggesting that a proportion of WTCS ET AL.
passed into the feces indigestible. Measurements of apparent digestion of GE postruminally were not affected ( P > .05) by dietary forage level or CS supplementation. The only exception was for the amount of GE apparently digested postruminally (data not shown), which was increased ( P < .05) by 3.6 Mcal/d when diets containing LF were fed and may be explained by the greater ( P < .05) amounts of TNC digested postruminally (Table 3 ) . Apparent digestibility of GE in the total tract was not affected ( P > .05) by dietary forage level but was decreased ( P < .05) from 70.2 to 65.8% due to CS supplementation. Conversely, feeding wethers HF diets with 0, 3, 4, 5, or 10% acidulated FA from CS produced no differences ( P > .05) in total tract digestibilities of GE (Mir, 1988) . The decrease ( P < .05) in apparent digestibility of GE in the total tract (Table 7 ) may be explained by the greater amounts of LCFA lost in the feces when diets containing CS were fed (Hussein et al., unpublished data) .
In conclusion, fat supplementation at 5% of dietary DM from WTCS or CUCS had no negative effects on DM1 when steers were given ad libitum access to diets containing HF or LF. With a few exceptions, fat supplementation also did not have negative effects on ruminal, postruminal, or total tract digestibilities of OM, carbohydrates, and GE. Ruminal digestibility of GE was decreased by supplementation of diets with WTCS and total tract digestibilities of OM and GE were decreased by supplementation of diets with WTCS or CUCS. Such minor negative effects were mainly due to lower digestibility of the seed coat and LCFA in CS, also noted by Hussein et al. (unpublished data) , and not to decreased ruminal fiber digestion. Our results suggest that either WTCS or 
(CUCS).
CUCS can supplement ruminant diets at 5% added fat without negative effects on ruminal fermentation.
Implications
Supplementation of high-or low-forage diets (available on an ad libitum basis to steers) with 5% fat from whole canola seeds as partially protected in the rumen (whole treated with alkaline hydrogen peroxide) or unprotected (crushed untreated) had no negative effects on feed intake or ruminal fermentation of organic matter, carbohydrates, and energy. Results suggest that canola seeds in either form may be added to increase the energy density of ruminant diets without compromising ruminal fermentation or total tract digestibility. Another advantage is that feeding whole or crushed seeds will minimize or eliminate problems with handling and mixing fat in the preparation of on-farm diets.
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